Protein kinases are organized in hierarchical networks that are assembled and regulated by scaffold proteins. Here, we identify the evolutionary conserved WD40-repeat protein Han11 as an interactor of the kinase homeodomain-interacting protein kinase 2 (HIPK2). In vitro experiments showed the direct binding of Han11 to HIPK2, but also to the kinases DYRK1a, DYRK1b and mitogen-activated protein kinase kinase kinase 1 (MEKK1). Han11 was required to allow coupling of MEKK1 to DYRK1 and HIPK2. Knockdown experiments in Caenorhabditis elegans showed the relevance of the Han11 orthologs Swan-1 and Swan-2 for the osmotic stress response. Downregulation of Han11 in human cells lowered the threshold and amplitude of HIPK2-and MEKK1-triggered signalling events and changed the kinetics of kinase induction. Han11 knockdown changed the amplitude and time dependence of HIPK2-driven transcription in response to DNA damage and also interfered with MEKK1-triggered gene expression and stress signalling. Impaired signal transmission also occurred upon interference with stoichiometrically assembled signalling complexes by Han11 overexpression. Collectively, these experiments identify Han11 as a novel scaffold protein regulating kinase signalling by HIPK2 and MEKK1.
Introduction
The serine/threonine kinase homeodomain-interacting protein kinase 2 (HIPK2) belongs to the HIPK family of protein kinases and serves as an important regulator of apoptosis and gene expression (D'Orazi et al, 2002; Hofmann et al, 2002; Calzado et al, 2007; Hattangadi et al, 2010) . HIPK2 is composed of an N-terminal kinase domain, which is followed by an interaction domain for homeodomain transcription factors and an autoinhibitory domain. The kinase is evolutionary conserved and orthologs are even found in Caenorhabditis elegans and Drosophila melanogaster (Kim et al, 1998; Calzado et al, 2007; Rinaldo et al, 2007) . Dependent on its kinase function, HIPK2 localizes mainly to subnuclear HIPK domains, but in individual cells, the kinase can also occur in cytosolic microspeckles. HIPK2 is activated in response to morphogenic signals or DNA damage and accordingly HIPK2-guided gene expression programs trigger differentiation and development or alternatively apoptosis (Aikawa et al, 2006; Rinaldo et al, 2007; Hattangadi et al, 2010) . A functional role for HIPK2 in cancer is seen in a knockout model, where HIPK2 À/À mice develop more skin tumours and are subjected to faster disease progression than wild-type mice after two-stage skin carcinogenesis treatment (Wei et al, 2007) . Accordingly, several tumours show either missense mutations of HIPK2 or dysregulated protein levels (Li et al, 2007; Yu et al, 2009) . Much has been learned about the phosphorylation substrates of HIPK2 such as p53 and STAT3 (Matsuo et al, 2001; D'Orazi et al, 2002; Hofmann et al, 2002) , but its control by putative upstream kinases is not explored. The HIPK family of protein kinases belongs to the CMGC (containing CDK, MAPK, GSK and CLK families) group of protein kinases (Manning et al, 2002) . Within the CMGC group, HIPK2 is most closely related to the dual-specificity tyrosine phosphorylation-regulated (DYRK) kinases (Hofmann et al, 2000) . The DYRK kinase family of serine/threonine kinases comprises various members, among which DYRK1a is the most extensively studied (Becker and Joost, 1999) . The human DYRK1a gene is encoded in the Down's syndrome critical region on chromosome 21 and thus may contribute to several characteristics of this disease (Altafaj et al, 2001; Dowjat et al, 2007; Kimura et al, 2007) . DYRK1a displays a broad spectrum of substrate proteins such as transcription factors, splicing factors and mediators of apoptosis. DYRK1b is expressed mostly in skeletal muscle where it is implied in skeletal muscle differentiation (Mercer et al, 2005) . DYRK1a and DYRK1b bind to the evolutionary conserved Han11 protein, as revealed by coimmunoprecipitation experiments (Skurat and Dietrich, 2004) .
The human anthocyanin (Han11) gene encodes a protein with four WD repeats, which consist of highly conserved repeating units of Trp-Asp (WD). WD40 repeats do not possess catalytic activity, but facilitate protein-protein interactions and thereby enable the assembly of multiprotein complexes (Hudson and Cooley, 2008) . The WD40-repeat proteins include the anthocyanin11 (An11) family, which is conserved between plants and animals. In plants, the An11 protein is known to be involved in the regulation of anthocyan biosynthesis (de Vetten et al, 1997), but the function of An11 in animals is not known. A recurrent finding is the interaction of An11 with protein kinases such as DYRK1a/b (Skurat and Dietrich, 2004) but also mitogen-activated protein kinase kinase kinase 1 (MEKK1) (Bouwmeester et al, 2004) .
MEKK1 is one of 21 characterized mitogen-activated protein kinase kinase kinases (MAP3Ks), which phosphorylate and activate a MAP2K, which in turn phosphorylates a MAPK such as extracellular-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38, thus forming a three-tiered MAPK signalling module (Uhlik et al, 2004; Cuevas et al, 2007; Pimienta and Pascual, 2007) . MAP3Ks can potentially activate more than one pathway, as the specificity of the kinases increases towards downstream targets. MEKK1 is a 196-kDa protein, which can activate the JNK, ERK and p38 pathways in response to various activation signals ranging from the CD40 receptor activation to osmotic stress (Yujiri et al, 1998; Uhlik et al, 2004; Gallagher et al, 2007) . MEKK1
À/À embryonic stem cells show defects in JNK and ERK activation under hyperosmolar conditions (Yujiri et al, 1998) . MEKK1 does not only phosphorylate and thus activate downstream kinases such as MKK4 and MKK7, but also displays ubiquitin E3-ligase activity towards ERK1/2 (Lu et al, 2002) . MEKK1 also functions as a scaffold protein, which directly binds to components of the three-tier ERK module, namely Raf-1, MEK1 and ERK2 as well as to the upstream activator Ras (Russell et al, 1995; Karandikar et al, 2000) . MEKK1 also uses additional scaffold proteins such as JNK/stress-activated protein kinase-associated protein 1 (JSAP1) in order to regulate the kinetics and thresholds of signalling pathways (Ito et al, 1999) . Scaffolding proteins are characterized by their ability to bind to different (at least two) other signalling proteins, thus acting as platforms that allow the coordinated and ordered assembly of signalling proteins (Smith et al, 2006; Dhanasekaran et al, 2007; Shaw and Filbert, 2009 ). In such a way, scaffold proteins function to increase kinase specificity and restrict the ability of a kinase to phosphorylate to many downstream targets. They also function to define the quality of the signal output and to determine for example whether a given signal results in a switch-like or graded response (Bhattacharyya et al, 2006; Shaw and Filbert, 2009) . Scaffold proteins help to organize signal transduction pathways as communication networks, as the classical view of MAPK signalling as a linear pipeline conveying signals from the cell surface to a distinct downstream target is replaced by the view of highly dynamic and interactive multiprotein signalling complexes (Kolch, 2005; Albert and Oltvai, 2007) . Here, we identify a role for Han11 and show that it functions as a scaffold protein with the ability to directly bind HIPK2, MEKK1 and DYRK1a/b. Knockdown of Han11 interferes with qualitative and quantitative parameters of HIPK2-and MEKK1-dependent signalling and gene expression. The general importance of Han11 for stress signalling was revealed in C. elegans where knockdown of the Han11 orthologs Swan-1 and Swan-2 disabled the osmotic stress response.
Results

Han11 is a direct interactor of HIPK2, MEKK1 and DYRK1
Using a kinase inactive version of HIPK2 as a bait in a yeasttwo-hybrid screen, we isolated several copies of Han11 as an interaction partner (Supplementary Figure S1) . To confirm this finding by an independent experimental approach, cells were transfected to express epitope-tagged versions of Han11 and HIPK2. After preparation of cell lysates, coimmunoprecipitations were performed with epitope-specific antibodies. These experiments allowed to detect Han11 in immunoprecipitates of HIPK2 and vice versa ( Figure 1A ), indicating an interaction between both proteins. To test whether this interaction also occurs in intact cells prior to their lysis, cells expressing a hexahistidine-tagged version of HIPK2 were treated with the membrane permeable cross-linking agent dimethyl dithiobispropionimidate (DTBP) which allows covalent cross-linking of proteins which are immediately binding and thus occur in very close proximity. After denaturing lysis and purification of His-tagged HIPK2 on Ni-NTA columns, immunoblotting allowed to detect binding of a fraction of the endogenous Han11 protein to His-tagged HIPK2 ( Figure 1B ). To investigate whether binding between HIPK2 and Han11 is direct, both proteins were produced by in vitro translation in a cell-free system. Coimmunoprecipitation experiments showed a direct binding ( Figure 1C ), revealing HIPK2 as a new interaction partner for this WD40-repeat protein.
Further, coimmunoprecipitation experiments revealed binding of Han11 to the HIPK2 kinase domain, regardless whether the proteins were expressed in cells (Supplementary Figure S2 ) or produced by in vitro translation (Supplementary Figure S3 ). Given the reported interactions between Han11 and DYRK1a/DYRK1b (Skurat and Dietrich, 2004) and also MEKK1 (Bouwmeester et al, 2004) in intact cells, we tested whether also these interactions are direct or alternatively depend on further proteins contained in cell lysates. Han11 and the three kinases together with the more distantly related DYRK2 protein as a control were produced by in vitro translation and then tested by coimmunoprecipitation for direct binding. MEKK1, DYRK1a and DYRK1b showed direct association with Han11 ( Figure 1D-F) , whereas DYRK2 showed no interaction with Han11 (Supplementary Figure S4) . These binding data are schematically summarized in Figure 1G . A subgroup of scaffolding proteins helps to localize and anchor the signalling molecule within distinct cellular loci (Shaw and Filbert, 2009) , thus prompting us to investigate the localization of Han11 and its interacting kinases. Immunofluorescence studies showed the occurrence of the endogenous Han11 protein throughout the cell. This localization was faithfully recapitulated for GFP-and Flagtagged versions of Han11 (Figure 2A ). The interacting kinases showed distinct localization patterns ( Figure 2B ) corresponding to their reported localizations (Hofmann et al, 2002; Schlesinger et al, 2002; Alvarez et al, 2003) . Although HIPK2 was mostly found in the typical nuclear speckles, DYRK1a showed a more dispersed localization within the nucleus in the nucleoplasm and in microspeckles. DYRK1b was distributed throughout the entire cell, whereas MEKK1 localized to cytoplasmic structures. Coexpression of HIPK2 with Han11 showed the efficient recruitment of Han11 to nuclear HIPK2 speckles ( Figure 2C ), dependent on the HIPK2 C-terminus (Supplementary Figure S5) . Moreover, expression of Han11 together with DYRK1a resulted in strongly overlapping localizations ( Figure 2C) , showing that Han11 is not functioning as an anchor protein that assembles kinases in a specific cellular compartment, but rather functions as a subordinate and flexible adapter that follows the localization of its interacting kinase.
Han11 connects MEKK1 to the DYRK1/HIPK2 module
The binding of four different kinases to Han11 raises the question for potential direct interactions between these kinases. To address this issue, cells were transfected to express HIPK2 and DYRK1a either in the presence of endogenous Han11 or after expression of an shRNA downregulating this WD40-repeat protein. Coimmunoprecipitation experiments showed efficient binding of DYRK1a to HIPK2 independent from the level of Han11 ( Figure 3A) . A similar experimental approach revealed the Han11-independent interaction between DYRK1b and HIPK2 ( Figure 3B ). Accordingly, immunofluorescence experiments revealed substantially overlapping localization between HIPK2 and both DYRK1 kinases ( Figure 3C ), suggesting a direct interaction between these kinases as displayed in Figure 3D .
MEKK1 showed only very weak binding to the other three kinases (data not shown), raising the possibility that Han11 might be a limiting factor. To address this question, these binding experiments were repeated in the absence or presence of coexpressed Han11. MEKK1 and HIPK2 were expressed either alone or together with Han11, followed by coimmunoprecipitation experiments. The low amounts of HIPK2 in immunoprecipitated MEKK1 was strongly increased upon coexpression of Han11 ( Figure 4A ), showing that Han11 is needed as a bridging factor for this interaction. Similar experimental approaches were used to test the interaction of MEKK1 with DYRK1a and DYRK1b. In each case, the weak interaction, which is attributable to endogenous Han11, was strongly augmented upon coexpression of the adapter protein ( Figure 4B and C). These data are schematically summarized in Figure 4D , which integrates all data assembled to this point.
An essential role of Han11 for cell proliferation and the osmotic stress response
The strong evolutionary conservation of Han11 from plants to humans points to a fundamental role of this largely unexplored WD40-repeat protein. As we noted an impaired proliferation of cells transfected with a vector directing the production of a Han11-specific shRNA ( Figure 5A ), we followed up this finding in more detail. Cells were transfected to express a control shRNA or a Han11-specific shRNA either alone or together with a Han11 version that was point mutated to escape shRNA-mediated decay. A quantitative analysis of cell numbers showed that knockdown of endogenous Han11 resulted in a decreased ability to proliferate, whereas reconstitution of physiological levels of Han11 expression allowed to largely restore cell proliferation ( Figure 5B ). Cells with reduced Han11 levels showed no obvious changes in cell cycle distribution (data not shown), suggesting that Han11 is important for more general processes. Is there also a role of Han11 in a model system for an ancient organism? A database search identified Swan-1 and Swan-2 as Han11 orthologs in C. elegans (Supplementary Figure S6) . To address the role of Swan-1 and Swan-2 under normal and stress conditions, knockdown experiments were performed (Table I) . Only the combined downregulation of Swan-1 and Swan-2 resulted in an impaired reproduction and development of C. elegans. The induction of osmotic stress showed that the knockdown of Swan-1 was sufficient to stop larval development at the L3 stage. A combination of heat shock with osmotic stress revealed that downregulation of either Swan-1 or Swan-2 was sufficient to halt larval development at L3. The combined knockdown of both Han11 orthologs resulted in absent progeny under stress conditions, thus revealing an essential function of Swan-1 and Swan-2 for the stress response in C. elegans. Representative pictures from the worms under normal and stress conditions are shown in Figure 5C .
Control of HIPK2 functions by the Han11 adapter protein
To test the role of Han11 for HIPK2 functions, cells were transfected with vectors encoding a Han11-specific shRNA or a mutated control and selected with puromycin to generate stable cell pools. Cells were exposed for different periods to the DNA-damaging chemotherapeutic agent adriamycin and analysed for p53 serine 46 phosphorylation, which is largely dependent on HIPK2 (Rinaldo et al, 2008; Puca et al, 2010) . Although control cells showed no basal p53 phosporylation and a maximal p53 phosphorylation after 8 h, the knockdown of Han11 resulted in an elevated basal p53 phosphorylation and a blunted induction of the response, which was maximal already 6 h after stimulation ( Figure 6A ). It was then interesting to investigate the contribution of Han11 to the induction of DNA damage-triggered expression of genes that were reported to be HIPK2 dependent (Puca et al, 2008) . Cell pools expressing Han11-specific shRNAs or controls were stimulated for different periods with the DNA-damaging agent To reveal a role of Han11 for a p53-independent function of HIPK2, we determined its impact on the kinetics of HIPK2-triggered phosphorylation of STAT3 at serine 727 (Matsuo et al, 2001) . Control cells or knockdown cells were transfected to express HIPK2 and analysed at different time points for phosphorylation of the endogenous STAT3 protein using a phosphospecific antibody. Han11 knockdown resulted in strongly elevated basal STAT3 phosphorylation and a changed kinetics of STAT3 serine 727 phosphorylation without a significant impact on the amplitude ( Figure 6C ).
Han11 is a MEKK1-regulating scaffold protein
Besides the ability to bind to more than one signalling molecule, another defining hallmark of an adapter is its ability to interfere with signalling upon overexpression (Levchenko et al, 2000; Dhanasekaran et al, 2007) . This inhibitory effect is attributable to sequestration of individual components, which results in a series of non-functional monovalent scaffolds. It was therefore interesting to test the impact of Han11 overexpression on MEKK1 signalling. Cells were transfected with a luciferase reporter gene controlled by three serum response elements (SREs) and combinations of MEKK1 and Han11. Luciferase assays showed that MEKK1-triggered MAP kinase signalling pathways augmenting SRE-dependent gene expression were strongly reduced upon overexpression of Han11 ( Figure 7A) . Similarly, downregulation of Han11 by shRNA blunted the ability of MEKK1 to trigger SRE-dependent gene expression ( Figure 7B ). As MEKK1 critically controls the activation of JNK, p38 and ERK pathways in response to osmotic stress (Winter-Vann and Johnson, 2007) , we investigated the contribution of Han11 for this process. Stable cell pools transfected with vectors encoding a Han11-specific shRNA or an adequate control were generated. Osmotic stress was induced by sorbitol treatment for various periods, and activation of the MAPK signalling pathways was monitored with phosphospecific antibodies that recognize the phosphorylated JNK substrate Jun or the activated kinases p38 and ERK1/2 ( Figure 7C ). The downmodulation of Han11 resulted in a different kinetics and amplitude for activation of all three MAPKs investigated. Although control cells showed no p38 phosphorylation after 30 min and a sharp peak after 60 min, cells with downmodulated Han11 displayed a diminished maximal response and increased kinase activities during elegans L1 larvae were grown on agar plates with the E. coli control strain OP50 or E. coli strains expressing the indicated siRNAs specific for Swan-1 and Swan-2 as food source. Animals were either kept under normal laboratory conditions (right) or stressed with heat shock and further growth on high-salt plates to trigger osmotic stress. Representative pictures from the worms are displayed, and all siRNA experiments were performed in four independent experiments for each of the strains.
the late time points. Similarly, the kinetics and amplitude of Jun and ERK1/2 phosphorylation was markedly changed upon Han11 knockdown, as also evident by quantitative analysis of several experiments ( Figure 7D ). To test whether Han11 regulates MAPK signalling also in response to other stimuli, serum-starved cells were stimulated for different periods with FCS to trigger ERK activation. The knockdown of Han11 resulted in a blunted ERK induction and an elevated basal ERK phosphorylation (Supplementary Figure S7) , suggesting that this scaffold protein is important for several MEKK1-mediated signalling pathways. As p38 MAP kinase activity is required for the maximal induction of NF-kB transcriptional activity (Beyaert et al, 1996; Vermeulen et al, 2003) , the impact of Han11 over-or underexpression on NF-kB activity was measured. Cells were transiently transfected with a luciferase reporter gene under the control of three NF-kB binding sites along with expression vectors for a Han11 shRNA, Han11 or a kinase inactive point mutant of MEKK1 as a control. TNF-induced reporter gene activity was strongly impaired upon interference with Han11 levels ( Figure 7E ), supporting a role for Han11 in the regulation of MAPK-dependent signalling events. Scaffold proteins can coordinate branch points in signalling cascades and also provide directionality to signal transmission (Bashor et al, 2008) . Given the broad impact of MEKK1 for the control of several downstream distinct signalling pathways (Uhlik et al, 2004) , it was interesting to investigate whether the other Han11-associated kinases receive input signals from MEKK1. To address this possibility, the impact of kinase inactive and thus dominant negative versions of HIPK2 and DYRK1a on MEKK1-triggered activation of SRE-Luc was tested. Both kinase inactive forms interfered with MEKK1-mediated activation of the reporter gene ( Figure 8A ), thus suggesting that they are part of the complex downstream meshwork receiving input from MEKK1. Along this line, the shRNA-mediated knockdown of HIPK2 decreased MEKK1-triggered expression of the SREcontrolled luciferase reporter gene ( Figure 8B ). Conversely, MEKK1-triggered reporter gene expression in HIPK2 knockout cells was increased upon reexpression of HIPK2 ( Figure 8C ). Consistent with the concept of HIPK2 as a kinase receiving signals from MEKK1, immunofluorescence experiments frequently showed that MEKK1 expression caused a redistribution of HIPK2 away from nuclear bodies to the entire cell ( Figure 8D ). Coexpression of Han11, which increases the interaction between HIPK2 and MEKK1 (see also Figure 4A ), resulted in a complete recruitment of HIPK2 to MEKK1 (Figure 8E ), supporting the idea that Han11 can function as a bridging protein that allows coupling of MEKK1-dependent effects on HIPK2.
Discussion
Here, we identify a function of Han11 as a scaffold protein in kinase signalling. Han11 has a rather simple architecture, as it contains only four WD40 repeats, which presumably form a 
propeller-like structure and thereby would be ideally suited to bind and assemble protein kinases (van der Voorn and Ploegh, 1992; Garcia-Higuera et al, 1998). Also other scaffold proteins contain WD40 repeats, as exemplified by MORG1, which can associate with Raf-1, B-Raf, MEK1, MEK2, ERK1 and ERK2 (Vomastek et al, 2004) . In this context, it would be interesting to study whether different WD40 repeat containing scaffold proteins can mutually compete for binding to substrate proteins and thus increase the combinatorial and regulatory repertoire. Here, we discover HIPK2 as a further Han11-binding kinase, and it will be of interest in future studies if additional kinases assembling with this scaffold protein can be identified. The kinase domains of the interactors could be ideal candidates for the docking to Han11, as it is the case for HIPK2. On the other hand, the MEKK1 kinase domain (MEKK1D) failed to bind to Han11 (Supplementary Figure S8A and B) , so that also other structures seem to mediate the interaction between Han11 and its interacting kinases. Besides its ability to interact with several kinases, Han11 fulfills several additional criteria that allow its definition as a kinase scaffold protein: Han11 lowers the threshold, amplitude and kinetics of HIPK2-and MEKK1-triggered signalling pathways. It will be interesting to study whether Han11-associated kinases are enzymatically active in substrate phosphorylation when bound to the adapter protein.
The elevated kinase activities after downregulation of Han11 in unstimulated cells is compatible with the view that substrate phosphorylation is occurring independent from association to Han11, and accordingly, we found no evidence for binding of HIPK2 substrate proteins to Han11 (Supplementary Figure S9A and B) .
A large number of input signals trigger the activation of MEKK1. These signals range from osmotic stress to CD40, TNF and growth factors (Kim et al, 2001; Matsuzawa et al, 2008) . The MEKK1-dependent pathways can process this myriad of specific inputs into diverse biological outputs, such as the phosphorylation of its distinct downstream targets. The context-specific signalling of MEKK1 modules requires specific scaffold proteins that provide signalling conduits by assembling discrete sets of proteins into multiprotein complexes. In order to organize and isolate the diverse branch points from each other, MEKK1 does not only function as a scaffold protein by itself but also uses various different scaffolding complexes. These include JSAP1 that forms a complex with MEKK1, MKK4 and JNK (Ito et al, 1999) , Axin (Zhang et al, 1999) and Han11, as revealed in this study. This complexity may in turn allow the regulation of adapter protein binding by the activity status of MEKK1. The kinase activity of MEKK1 was required to mediate ubiquitination of Han11 (Supplementary Figure S10) . This raises the intriguing possibility that kinase-mediated regulation of adapter proteins allows mutual control of activity and accordingly also Han11-mediated cross-coupling to HIPK2 was dependent on the kinase activity of MEKK1 (Supplementary Figure S11) , but the mechanisms and regulatory consequences of this mutual regulation for signal propagation await their elucidation in future studies.
The Han11 scaffold assembles kinases, which have partially overlapping functions. For example, MEKK1 and also DYRK1a suppresses NFAT signalling by retaining NFAT in the cytoplasm and thereby counteracting T-cell activation (Takahashi-Yanaga et al, 2006) . But also MEKK1 and HIPK2 share some targets, as both have the ability to regulate the function of the acetyl transferase p300. Although MEKK1 stimulates p300-dependent transcription and needs p300 to shControl shControl shHan11 shHan11 Figure 6 Han11 controls HIPK2-mediated functions. (A) Cells were transfected to express a Han11-specific shRNA or a point-mutated control. After selection for 1 week in puromycin, equal numbers of cells were replated and stimulated with adriamycin (0.5 mg/ml) for the indicated periods. Equal amounts of protein contained in cell lysates were analysed for phosphorylation and expression of p53 and for Han11 expression as shown. (B) Han11 was knocked down in HCT116 cells after lentiviral delivery of shRNAs. After selection of stable cell pools with puromycin, cells were replated and stimulated with etoposide (3 mM) for 8 and 12 h as shown, followed by quantitative analysis of transcription of the indicated HIPK2-dependent genes and of Han11 to control efficient knockdown. Error bars show s.d. from two independent experiments performed in triplicates. (C) 293T cells were transfected to express the indicated shRNAs, followed by puromycin selection of stably transfected cells for 1 week. After reseeding of equal cell numbers on 6 cm dishes, cells were transfected to express HA-tagged HIPK2 and harvested after 12, 18 and 26 h after transfection. Cell extracts were analysed for phosphorylation of the endogenous STAT3 protein and HIPK2 expression with the indicated antibodies.
mediate apoptosis, HIPK2 phosphorylates p300 at multiple sites (See et al, 2001; Schlesinger et al, 2002; Aikawa et al, 2006) . It is also interesting to note that both, MEKK1 and HIPK2 can bind to the adapter protein Axin (Zhang et al, 1999; Rui et al, 2004 ). It will be of interest in future studies to investigate the potential contribution of MEKK1 to control the localization and activity of HIPK2. Downregulation of HIPK2 compromised MEKK1-triggered signalling only partially, suggesting that HIPK2 activity can be controlled by further upstream events. A previous study showed that Wnt-1 Figure 7 Han11 controls MEKK1-dependent signal outputs. (A) Cells were transfected with an SRE-dependent firefly luciferase reporter gene along with expression vectors for MEKK1 and Han11 at the indicated combinations and further grown in a medium containing 0.5% FCS to minimize SRE-dependent gene expression. After 24 h, cells were lysed and analysed for luciferase activity (upper) and protein expression (lower). In order to facilitate comparison, maximal gene activation was arbitrarily set as 100%. (B) Cells were transfected with the indicated shRNA vectors, and transfected cells were selected by puromycin treatment for 24 h. Then, the cells were retransfected with the SRE-dependent luciferase reporter gene and the indicated vectors encoding MEKK1 and a Han11-specific shRNA, followed by incubation in medium containing 0.5% FCS and puromycin for 1 day. Cells were lysed and further processed as described for (A). (C) HEK293 cells were transfected with shHan11 or shControl and selected with puromycin for several days. Equal cell numbers were reseeded in dishes and treated with sorbitol to trigger the osmotic stress response for different periods as shown. Equal amounts of proteins were further used for immunoblotting with the indicated phosphospecific and control antibodies. signalling activates HIPK2 via TAK1 (Kanei-Ishii et al, 2004) , thus raising the possibility that several distinct upstream events contribute to the control of HIPK2 activity.
Han11 deficiency converted the mode of HIPK2 and MEKK1 activation from a digital/switch-like to a graded response. Overexpression of Han11 interferes with MEKK1-triggered signalling, which is in accordance with the mathematical models and experimental observations showing that low concentrations of a scaffold protein are optimal for the formation of a macromolecular complex, whereas high concentrations inhibit multiprotein complex formation (Levchenko et al, 2000; Morrison and Davis, 2003) . This concept might also have biomedical implications, as dysregulated expression of scaffold proteins such as Han11 could affect oncogenic signalling cascades. A meta-analysis of gene array experiments in the public Oncomine microarray database revealed strongly decreased Han11 levels in invasive breast carcinomas (Supplementary Figure S12) , raising the possibility that such cases of aberrant Han11 expression might result in dysregulated HIPK2 and MAPK signalling.
Materials and methods
Cells, reagents, plasmids and antibodies
Human osteosarcoma U2OS, 293, HIPK2-deficient mouse embryonic fibroblasts, HCT116 and 293T cells were maintained in DMEM supplemented with 10% FCS, 2 mM L-glutamine and 1% (v/v) penicillin/streptomycin at 371C in a humidified atmosphere containing 5% CO 2 . Transient transfections were done with Rotifect according to the instructions of the manufacturer (Roth). The antibodies recognizing Flag (M2), tubulin (tub 2.1) (Sigma), Xpress (Invitrogen), Myc (9E10), GFP (7.1 and 13.1) and HA (3F10) (Roche) were purchased from the indicated suppliers. The phosphop38 (Thr180/Tyr182), phospho-c-Jun (Ser63), phospho-STAT3 (Ser727), phospho-p53 (ser46) and control IgG antibodies were from Cell Signaling Technology, the phospho-ERK1/2 (#9101) antibody was purchased from New England Biolabs. Antibodies recognizing HIPK2 (Hofmann et al, 2002) and Han11 (Skurat and Dietrich, 2004) were previously described. The SRE-Luc reporter gene and the plasmids encoding Flag-HIPK2 and its derivatives (Hofmann et al, 2003) , Flag-Han11 (Skurat and Dietrich, 2004) and pSUPER-HIPK2 (Gresko et al, 2009) were published. Epitope-tagged MEKK1 and its derivatives were from Addgene, HA-HIPK2, Flag-HIPK2(His)6, Myc-Han11 and a point-mutated version thereof, FlagDYRK1a, Flag-DYRK1b, Myc-DYRK1a and Flag-DYRK1a K188R were cloned by standard procedures. The pSUPER-Puro and pSIRENRetroQ-based vectors producing Han11-specific shRNAs were cloned by inserting an appropriate oligonucleotide targeting the Han11 sequence 5 0 -CGGAAGGAGATCTACAAG-3 0 as described (Brummelkamp et al, 2002) . The control vector was produced by targeting the sequence 5 0 -CGGTCGGAGATCTACAAG-3 0 in which the nucleotides given in bold are different from the Han11-specific sequence. We are grateful to Dr W Becker (Aachen, Germany) for GFP-tagged DYRK1a and DYRK1b (Becker et al, 1998) and to A Rao (Boston) for Flag-DYRK2 (Gwack et al, 2006) .
Real-time PCR
HCT116 cells were transduced with lentiviruses allowing the expression of Han11-specific shRNAs or the point-mutated controls according to standard protocols. One day later, cells were further grown in the presence of puromycin (1 mg/ml) for 10 days. Equal amounts of cells were then seeded in 6 cm dishes and treated with etoposide as specified in the figure legend. RNA was extracted with the RNAeasy kit (Qiagen), and samples were further processed as described (Renner et al, 2010) . The sequences of the PCR primers are given as Supplementary data. Immunofluorescence microscopy and determination of cell numbers Localization of the epitope tagged or endogenous proteins in U2OS cells was measured by immunofluorescence as described (Renner et al, 2010) . Cell numbers were determined after removal of the supernatant and washing of cells in PBS. The number of cells contained in 500 ml PBS was measured over a constant time of 120 s in a FACSCalibur.
Cross-linking experiments, cell lysis and coimmunoprecipitation experiments
Cells expressing hexahistidine-tagged proteins or the adequate controls were treated with freshly prepared DTBP solution (final concentration 0.5 mM in PBS) for 30 min at room temperature. After aspirating off this solution, cells were washed twice in PBS containing 200 mM Tris/HCl pH 7.5 and further processed as described (Roscic et al, 2006) . Cells were lysed in IP lysis buffer (50 mM HEPES pH 7.5, 1% (v/v) Triton X-100, 50 mM NaCl, 5 mM EGTA, 2 mM sodium vanadate, 10 mM NaF, 0.2 mg/ml Aprotinin, 0.2 mg/ml Leupeptin, 1 mM phenylmethylsulfonylfluoride). Nuclear DNA of the lysates was sheared by two sonication steps for 5-10 s, and extracts were further used for immunoblotting or coimmunoprecipitation experiments as described (Renner et al, 2010) .
Luciferase assays and western blotting
Luciferase assays were performed using the Promega kit according to the manufacturer's instructions. Western blotting was done with the semi-dry method, and secondary antibodies were detected using the enhanced chemiluminescence system.
C. elegans culture
C. elegans (wild-type strain N2, var. Bristol) was maintained on agar plates with Escherichia coli OP50 as a food source. Nematodes were separated from bacterial contaminants by density centrifugation on sucrose. Eggs were obtained by sodium hypochlorite treatment. Stage 1 larvae (L1) were transferred to nematode growth medium in 35 mm diameter agar plates (containing 25 mg/ml carbenicillin, 1 mM isopropyl-b-D-thiogalactopyranoside IPTG, 200 mM NaCl) together with control E. coli strains or the E. coli strains expressing siRNAs targeting the genes swan-1 (F53C11.7) and/or swan-2 (F53C11.8) (MRC Geneservice, Cambridge, UK) (Fraser et al, 2000) . Stress experiments were performed upon cultivation of worms for 5 h at 301C followed by further cultivation at room temperature under various conditions that are specified in Table I . Further development of worms was analysed microscopically.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
